ABBREVIATIONS
METHOD Six-year-old children born preterm (n=36; gestational age 22-32wks) and at term (n=43) underwent diffusion magnetic resonance imaging and behavioural assessments. Tracts were selected a priori based on findings from a study of 6-year-old children born at term: the left-hemisphere arcuate fasciculus and superior longitudinal fasciculus, and righthemisphere uncinate fasciculus. Using linear regression, we assessed associations between fractional anisotropy of tracts and phonological awareness and receptive and expressive language scores. We investigated whether associations were moderated by prematurity.
RESULTS Fractional anisotropy of the left-hemisphere arcuate fasciculus contributed unique variance to phonological awareness across birth groups. The association between fractional anisotropy of the right-hemisphere uncinate fasciculus and receptive and expressive language was significantly moderated by prematurity.
INTERPRETATION A left-hemisphere tract was associated with phonological awareness in both birth groups. A right-hemisphere tract was associated with language only in the term group, suggesting that expressive and receptive language is mediated by different white matter pathways in 6-year-old children born preterm. These findings provide novel insights into similarities and differences of the neurobiology of pre-reading skills between children born preterm and at term at reading onset.
Preterm birth affects nearly 10% of infants born in the USA. 1 Children born preterm are at risk for adverse neurodevelopmental outcomes, including deficits in attention, working memory, executive function, language, and reading. 2, 3 A recent meta-analysis confirmed that children born preterm, on average, scored 0.48 standard deviations below children born at term in reading. 3 A second meta-analysis found a significant gap between groups born preterm and at term in reading that increased between the ages of 6 to 12 years, especially for reading comprehension. 4 Precursor skills for reading include phonological awareness and language abilities. Measures of each of these precursors in isolation have significantly predicted later reading abilities in children born at term. 5 Compared with children born at term, 6-year-old children born preterm have demonstrated deficits in early pre-reading skills, including phonological awareness and language abilities. 6 These early behavioural differences likely account for why children born preterm are unlikely to achieve reading levels similar to their typically developing peers. 7 Understanding the neurobiological basis of early pre-reading abilities in both children born preterm and at term may provide insight into the process of learning to read. Studies to date have primarily examined how early pre-reading skills relate to neurobiological properties, such as metrics of white matter pathways, in children born at term but not in children born preterm at the early stages of learning to read. 8, 9 Preterm birth is associated with injury to the white matter of the brain. 10 Microstructural properties of white matter tracts can be quantified with diffusion magnetic resonance imaging (MRI) using metrics such as fractional anisotropy and mean diffusivity. 11 Using diffusion MRI, studies of neonates have found increased mean diffusivity among children born preterm. 12 Among children and adolescents, studies have observed altered fractional anisotropy values in preterm versus term participants. 13 Recently, in the current sample of 6-year-old children, we replicated a similar pattern of both increased and decreased fractional anisotropy in children born preterm versus at term that had been previously observed in a cohort of older children and adolescents. 13, 14 Reading and its related subskills are known to activate a distributed network of cortical grey matter areas that are connected via complex networks of white matter pathways (tracts). [15] [16] [17] Fractional anisotropy of specific white matter tracts, such as the arcuate, superior longitudinal, and uncinate fasciculi, has been associated with reading, phonological awareness, and language skills in older, typically developing children and adults. [18] [19] [20] [21] Studies involving children born preterm have also observed associations between white matter properties and reading. 19, 22 However, a recent study found that the direction of these associations varied between the two birth groups, suggesting a differing neurobiology for reading in children and adolsecents born preterm and at term. 19 We recently demonstrated in the current sample of 6-year-old children born at term that fractional anisotropy of the left arcuate fasciculus (AF-L) and left superior longitudinal fasciculus (SLF-L) was associated with phonological awareness skills. 8 In addition, we found that fractional anisotropy of the right uncinate fasciculus (UF-R) and SLF-L was associated with receptive and expressive language skills. 8 To our knowledge, no study to date has examined whether children born preterm versus their peers born at term demonstrate similar or different patterns of associations between fractional anisotropy of white matter tracts and pre-reading skills at the age at which children are learning to read.
The present study explored the degree of association between individual variation in fractional anisotropy of white matter tracts and phonological awareness and language abilities in children born preterm and at term. Based on the findings in the group born at term, 8 we specifically examined the associations between fractional anisotropy of the AF-L and SLF-L and phonological awareness. In addition, we examined the associations between fractional anisotropy of the UF-R and SLF-L and language. Given previous evidence that older children born preterm and at term exhibit different patterns of associations with reading, 19 we hypothesized that children born preterm would have significantly different patterns of associations than children born at term. Thus, we predicted that birth group would moderate the association between fractional anisotropy of the selected tract and the pre-reading measure. We replicated the analyses using mean diffusivity to establish whether there were novel findings using a different metric of white matter. These analyses were performed to determine whether children born preterm and at term have distinctive neurobiological profiles associated with variation in their level of skill in these critical pre-reading abilities. Findings from this study will help to elucidate the neural basis of pre-reading skills in children born preterm in the early stages of reading development.
METHOD Participants
Participants were children born preterm (n=54) and at term (n=50), recruited from 2012 to 2015 as part of a longitudinal study investigating the neural basis of reading in children born preterm and at term. To be included in the present study, participants were required to have useable MRI data and complete behavioural testing. Of the participants born preterm, 18 were not included in the present analyses because the children underwent a different MRI protocol (n=10), were unable to perform MRI (n=6), or moved too much during scanning (n=2). Of the participants born at term, seven were not included in the present analyses because they underwent a different MRI protocol (n=4), were unable to perform MRI (n=2), or moved too much during scanning (n=1). Thus, the final sample consisted of 36 participants born preterm (23 males, mean age 6y 1.8mo) and 43 participants born at term (16 males, mean age 6y 2.3mo). Data from 41 participants born at term were previously reported by Travis et al. 8 Preterm birth was defined as gestational age at 32 weeks or earlier (22-32wks; 470-2180g) . This criteria for defining prematurity was used to capture children at greatest risk for white matter injury. 23 Term birth was defined as gestational age at 37 weeks or later or birthweight greater than or equal to 2500g (36-42wks; 2720-4370g). One child in the term group was born at 36 weeks by parent report but was above our weight threshold (2780g). See Dodson et al.
14 for recruitment methods. Exclusion criteria for all participants included neurological factors unrelated to preterm birth that would account for white matter differences or potential reading disorders among participants, including congenital anomalies, active seizure disorder, hydrocephalus, or sensorineural hearing loss. Diagnosis of cerebral palsy (CP) was not an exclusion criterion, as CP is a known risk factor of preterm birth. One participant born preterm had mild CP. The experimental protocol was approved by the Stanford University Institutional Review Board (#IRB-22233). A parent or legal guardian provided informed written consent and participants were compensated for participation.
Demographic characteristics assessed in this sample included socio-economic status (SES), as measured using a modified Four-Factor Hollingshead Index (Appendix S1, online supporting information), and ethnicity. At the time of participation, children were either enrolled in kindergarten or first grade. Participants were considered to have a family history of reading delay if a parent reported diagnosed or suspected reading problems in one or more What this paper adds
• White matter properties and pre-reading abilities were associated in children born preterm at the onset of reading.
• The neurobiology of phonological awareness was similar in children born preterm versus children born at term at 6 years.
• The neurobiology of language was different in children born preterm versus children born at term at 6 years.
immediate biological family members, including mother, father, or siblings. 24 Children were classified as bilingual if parents reported that children could conduct conversation fluently in a language other than English. Because of the high proportion of bilingual children in the Bay Area of California, we did not exclude children based on bilingual status, but included such children only if they had been enrolled in an English-speaking daycare, preschool, or elementary school for a minimum of 2 years and were not classified at school as an English language learner. Handedness was measured using the Edinburgh Handedness Inventory. 25 
Behavioural measures
All participants completed a battery of norm-referenced behavioural tests to characterize their phonological awareness and receptive and expressive language skills. Studies have found that intelligence scores are, on average, lower in preterm than in matched term samples.
2 Non-verbal IQ has also been associated with reading ability. 26 For this reason, we assessed all participants' general intelligence.
Phonological awareness was assessed using three subtests of the Comprehensive Test of Phonological Processing: Elision, Sound Matching, and Blending Words. 27 Receptive and expressive language skills were assessed with the Clinical Evaluation of Language Fundamentals, 4th Edition. 28 These skills were summarized using the Core Language composite score, which consists of four subtests: Concepts and Following Directions, Word Structure, Recalling Sentences, and Formulating Sentences. Non-verbal intellectual abilities were assessed using the Wechsler Abbreviated Scale of Intelligence, 2nd Edition, a nationally standardized test of general intellectual abilities, with the Matrix Reasoning subtest and the Block Design subtest.
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As part of the longitudinal study, we assessed real-word and pseudo-word reading abilities with the Word Attack and Word Identification subtests of the Woodcock Reading Mastery Test respectively. 30 Exploratory analyses revealed that 44% of children born preterm in the current sample could not read more than one pseudo-word, demonstrating that many were not yet able to read. Based on this finding, we chose not to examine associations between white matter properties and reading scores, owing to limited variation in reading from floor effects and a non-normal distribution of reading scores among children born preterm.
Diffusion MRI data acquisition and analyses
All participants were scanned for research purposes without the use of sedation. For each participant, we collected a high-resolution T1-weighted anatomical image using a 5-minute inversion recovery-prep three-dimensional fastspoiled gradient sequence and a 30-direction diffusion MRI with a b-value of 1000 seconds/mm 2 . Methods for imaging parameters, data preprocessing steps, analysis of motion, and individual native-space tractography are described in several previous publications and are included in Appendix S1. 8, 13, 14, 19 White matter pathways (AF-L, SLF-L, UF-R) for analysis were selected a priori based on evidence for associations with pre-reading skills in this sample of children born at term at 6 years of age. 8 
Statistical analyses
Characteristics of the groups born preterm and at term
We computed two-tailed t-tests for independent samples for each of the four continuous demographic measures of age, gestational age, birthweight, and SES. We computed separate v 2 analyses for each of the five categorical demographic variables: sex, ethnicity, grade, family history of reading delay, and handedness. We computed two-tailed ttests for independent samples for each of the three behavioural measures: phonological awareness, core language, and non-verbal IQ. All results comparing demographic and behavioural characteristics were considered significant at p<0.05.
Hierarchical linear regressions
We computed four separate hierarchical linear regression models to assess associations between tract fractional anisotropy and pre-reading measures. We separately entered mean fractional anisotropy of the AF-L and SLF-L as predictor variables to phonological awareness, and mean fractional anisotropy of the UF-R and SLF-L as predictor variables to core language. To examine whether birth group significantly moderated the association between mean fractional anisotropy of each brain tract and prereading measure, we entered an interaction term as the last step in each model.
We included SES, sex, and non-verbal IQ as covariates in each model because they have previously been associated with reading and pre-reading abilities. 26, 31, 32 We employed a Bonferroni correction to control for the two regression models computed per pre-reading measure. Significance level adjusted for multiple comparisons was thus set to p<0.025.
RESULTS

Characteristics of the groups born preterm and at term
Detailed medical information was available for 32 of the 36 participants born preterm. Medical complications at birth in the group born preterm were respiratory distress syndrome (n=29); bronchopulmonary dysplasia or chronic lung disease (n=7); hyperbilirubinaemia (n=20); patent ductus arteriosus (n=15); retinopathy of prematurity or immature retinae (n=14); necrotizing enterocolitis (n=6); and small for gestational age (≤third percentile birthweight for gestational age; n=2). In terms of early neuroimaging findings, 15 intraventricular haemorrhage). To follow-up on the early abnormalities seen in participants born preterm on head ultrasound or MRI, a neuroradiologist assessed T1-weighted MRI collected at 6 years of age for five features associated with white matter injury: white matter signal abnormality, periventricular white matter volume loss, cystic abnormalities, ventricular dilation, and thinning of the corpus callosum. 13, 33 Excessive punctate lesions were considered mild periventricular white matter volume loss. Individuals born preterm were categorized as normal if they had less than or equal to one abnormal feature and abnormal if they had two or more abnormal features. Of the 36 participants born preterm, five had abnormal T1-weighted scans at 6 years of age, including the participant with mild CP.
Results of group analyses for demographic and behavioural measures are presented in Table I . By design, children born preterm had significantly decreased gestational age and birthweight than children born at term. SES was significantly lower in the group born preterm than in the group born at term. However, on average, both participants born preterm and at term were from high socioeconomic backgrounds. There were significantly more males in the group born preterm than in the group born at term. There was a significantly lower proportion of participants with a family history of reading delay in the group born preterm compared to the group born at term. Children in the group born preterm did not differ significantly from the group born at term with regard to age, ethnicity, grade, bilingual status, and handedness.
Children in the group born preterm had lower phonological awareness scores than peers born at term, but the difference was not significant. Children in the group born preterm had significantly lower core language scores than the group born at term. The group born preterm had general intelligence mean scores within the normal range but had significantly lower non-verbal IQ scores than the group born at term.
Hierarchical linear regressions
In preparation for regression analyses, exploratory analyses confirmed that the present data did not violate assumptions of collinearity, continuity of variables, and normality. Results of hierarchical linear regressions for associations between mean fractional anisotropy of the AF-L and SLF-L and phonological awareness are presented in Table II as Models 1 to 5. Results of the hierarchical linear regressions for associations between mean fractional anisotropy of the UF-R and SLF-L and core language are presented in Table III as Models 6 to 10. Scatter plots for significant associations are presented in Figure 1 .
Model 1 demonstrated that non-verbal IQ was the only covariate that significantly contributed to phonological awareness (p=0.002). Model 2 demonstrated that mean fractional anisotropy of the AF-L significantly contributed 15.4% unique variance to phonological awareness in the whole sample (p=0.001), and Model 3 demonstrated that the effect was not moderated by birth group (Table II;   Table III : Associations between mean fractional anisotropy of the right uncinate fasciculus (UF-R) and left superior longitudinal fasciculus (SLF-L) and core language in 6-year-old children born preterm and at term, controlling for socio-economic status (SES), sex, and non-verbal IQ Associations between core language and mean FA of the UF-R differed between groups born preterm and at term after controlling for SES, sex, and non-verbal IQ. a p<0.025, corrected. Fig. 1a, c) . The scatter plot presented in Figure 1(c) Fig. 1a ). Model 6 demonstrated that the covariates of SES and non-verbal IQ significantly contributed to core language (p=0.014 and p=0.002 respectively). Model 7 demonstrated that mean fractional anisotropy of the UF-R did not significantly contribute to core language in the whole sample, but Model 8 demonstrated that the addition of the interaction term significantly predicted 4.2% unique variance (p=0.022). Thus, the relation between mean fractional anisotropy of the UF-R and core language was significantly moderated by birth group (Table III; Fig. 1b, d ). The scatter plot presented in Figure 1(d) illustrates that the associations between mean fractional anisotropy of the UF-R and core language differed significantly between groups born preterm and at term. Model 9 demonstrated that mean fractional anisotropy of the SLF-L contributed 2.5% unique variance to core language in the whole sample, trending towards significance (p=0.081). Model 10 demonstrated that the relationship between mean fractional anisotropy of the SLF-L and core language was not moderated by birth group (Table III) . Results of regression analyses repeated removing the five participants born preterm with abnormal white matter at 6 years of age, or the two participants born preterm and two participants born at term who were left-handed, demonstrated the same pattern of significant findings for both phonological awareness and core language (Tables SI-SII and SIII-SIV respectively [online supporting information]). Results of regression analyses repeated using mean diffusivity demonstrated the same pattern of significant findings for phonological awareness (Table SV, online supporting information) but not for core language, which did not show a significant moderation of birth group in the UF-R (Table SVI, online supporting information).
Secondary analyses: hierarchical linear regressions
In order to understand the significant UF-R mean fractional anisotropy by birth group interaction, we repeated regression analyses separately in the groups born preterm and at term (Table SVII, online supporting information). Regression analyses performed in the group born preterm demonstrated that non-verbal IQ was the only covariate to significantly contribute to core language (p=0.015; Table SVII, Model 1) and that mean fractional anisotropy of the UF-R was not a unique predictor for core language (p=0.617; Table SVII, Model 2). By contrast, regression analyses performed in the term group separately demonstrated that SES was the only covariate that significantly contributed to core language (p=0.005; Table SVII, Model 3) and that mean fractional anisotropy of the UF-R significantly contributed 7.3% unique variance to core language scores (p=0.028; Table SVII, Model 4).
DISCUSSION
This study investigated the neural basis of pre-reading skills in a group of children born preterm and at term at the onset of learning to read. Mean fractional anisotropy of the AF-L significantly contributed unique variance to phonological awareness scores across both groups, and the effect was not moderated by birth group. In contrast, mean fractional anisotropy of the UF-R did not contribute unique variance to core language scores across groups, but the relationship was significantly moderated by birth group. The pattern of results remained unchanged after removing the five participants born preterm with abnormal white matter at 6 years of age or the two participants born preterm and two born at term who were left-handed. The pattern of results was also similar when mean diffusivity was substituted for fractional anisotropy as the metric of interest, except for the association between the UF-R and core language, which was no longer significantly moderated by birth group.
Contrary to our hypothesis, groups born preterm and at term showed similar patterns of association between fractional anisotropy of the AF-L and SLF-L and phonological awareness scores and similar patterns of association between fractional anisotropy of the SLF-L and core language scores. These tracts are collectively assumed to be part of the dorsal stream in cognitive models of language and reading, 34 and are known to provide connections between inferior frontal, inferior parietal, and posterior temporal cortices activated during phonological tasks in children born preterm and at term. 35, 36 These findings were consistent with many studies of term-born developmental samples that find positive associations between left-hemisphere dorsal tracts and reading and related skills. 18 Dorsal tracts were also implicated in learning to read in studies of dyslexia, as fractional anisotropy was reduced in these tracts in populations with developmental dyslexia versus healthy controls. 16, 37 A few studies have assessed behavioural associations with properties of dorsal white matter tracts in older preterm versus term samples. One such study found that fractional anisotropy of the SLF-L was associated with reading-related skills across birth groups, but that decreased volume of the tract was associated with poorer reading performance in children born preterm. 38 The association in the current sample between phonological awareness and properties of dorsal tracts suggested that the neural basis of phonological awareness was similar across groups at this early stage of learning to read.
Consistent with our hypothesis, the association between mean fractional anisotropy of the UF-R and core language scores was moderated by birth group. The exact function of the uncinate fasciculus is debated; however, the present findings are consistent with prior studies that have found associations between properties of the uncinate fasciculus and language and reading abilities. 20, 39 The uncinate fasciculus connects with anterior projections of the inferior fronto-occipital fasciculus, a tract considered in cognitive models of language and reading to be part of the ventral stream, 34 and to be relevant for mapping sound to meaning. A previous study demonstrated altered white matter properties in the uncinate fasciculus in adolescents born preterm compared with peers born at term, and found associations between fractional anisotropy of the UF-R and scores on a semantic language task. 40 This evidence suggested that the uncinate fasciculus may be involved in language and reading abilities in older children born preterm and at term. Compared with posterior tracts, the uncinate fasciculus myelinates late and is slow to develop. 41 It may be that uncinate fasciculus associations with reading in older samples born preterm were easier to detect because of greater variability in white matter maturation in this tract. In the current sample, we observed preterm/term differences in core language performance, which suggested that the differences in the underlying neurobiology may have been related to differences in behaviour. We did not think that the lack of association in the sample born preterm was because of a lack of power; we were likely powered to see the association given that we observed associations with other measures, and the range in scores was similar across measures and groups. To explain the lack of association in the group born preterm, future studies should explore whether expressive and receptive language abilities may rely on a different balance of white matter pathways and white matter properties in children born preterm versus children born at term.
A recent study found that reading skills were positively associated with fractional anisotropy of dorsal pathways in a sample of 9-to 16-year-old children and adolescents born preterm, but negatively associated with fractional anisotropy in children born at term. 19 We recognize that findings in this study differ from the patterns of associations between fractional anisotropy and reading-related tasks seen in the sample of older children and adolescents. 19 This difference may be because of differences between the present sample and the older cohort, including less severe white matter injury in the children born preterm included in the current study. Also, the present sample was of younger age and thus at a different stage of reading development. The tasks assessed in this study were different from those assessed in the older sample, so the skill set that children rely on may differ across ages and birth groups. Further, fractional anisotropy has multiple contributors, including myelin, axonal diameter, and crossing fibres, each of which may be important to reading during different stages of reading development and may vary between groups born preterm and at term.
This study is novel because we assessed behavioural associations with white matter properties in children born preterm at the onset of learning to read. It is important to investigate which pre-reading skills would be associated with brain measures in children born preterm to understand neurobiological and behavioural differences in later reading outcomes. At the early stages of reading, we saw similarities and differences in the associations between brain measures and behavioural measures in children born preterm and at term. The neurobiological properties assessed with diffusion MRI are dynamic; there may be differences in the properties that fractional anisotropy captures across birth group, age group, or white matter tract. For example, there may be age-or birth-group-dependent effects of myelin or fibre pruning that change in relation to clinical factors or experience. 42, 43 Limitations of this study include a modest sample size. Also, these children were evaluated on a single occasion at the age of 6 years. Future studies should employ a longitudinal design to assess whether fractional anisotropy associations with behavioiral outcomes observed at 6 years of age persist or change in association with specific clinical or environmental factors. Future studies will also apply additional quantitative MRI methods to better understand how different properties of white matter relate to reading abilities.
In summary, the present findings provided evidence that metrics of a left-hemisphere dorsal tract, the AF-L, were associated with phonological awareness across birth groups. The study also provided evidence that metrics of a righthemisphere ventral pathway, the UF-R, were associated with core language only in the group born at term. Taken together, these findings suggest that there are both similarities and differences in the neural basis of pre-reading abilities in children born preterm and at term. Overall, these findings have important implications for understanding how both brain and behaviour may shape developmental outcomes in children born preterm and at term. not involved in study design, data collection, data analysis, manuscript preparation, or publication decisions. The authors have stated that they had no interests that might be perceived as posing a conflict or a bias.
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